INTRODUCTION
============

Liver cancer is the fifth most commonly diagnosed cancer in men and the seventh in women [@B001], and the fourth leading cause of cancer deaths worldwide [@B002], but it lacks effective therapies. The chemotherapy remains the viable option for the hepatocellular carcinoma (HCC) treatment, but the dose-dependent toxicities and drug-resistance limit its clinical applications. Therefore, the chemotherapy efficacy against HCC is still unsatisfactory.

The tumor suppressor p53, a "genome gatekeeper," is usually inactivated or lost in human cancer cells [@B003]. Even in cancers with wild-type *TP53*, p53 transcriptional activity is primarily repressed by murine double minute 2 (MDM2), which directly binds to and blocks the N-terminal transactivation domain of p53 [@B004], leading to p53 ubiquitination, nuclear export or cytoplasmic degradation in proteasome [@B005],[@B006]. Therefore, blocking the MDM2-p53 interaction is a promising therapeutic strategy for cancer. The function of p53 is also highly modulated by post-translational modifications [@B007]. For instance, in response to genotoxic stress, p53 is stabilized via post-translational modifications which prevent MDM2 binding [@B008]. Phosphorylation on Ser^392^ of p53 is a common and integral event by diverse stimuli [@B009]. However, there are some controversy ideas about the function of phospho-Ser^392^-p53. Some studies showed that dephosphorylation on Ser^392^ of both wild-type and mutant p53 correlated with the cellular resistance to DNA-damaging agents such as UVB radiation and Cisplatin [@B010]. Accordingly, phosphorylation on Ser^392^ of p53 plays an important role in its stabilization and tetramer formation [@B011]. In agreement, hypoxia decreased phosphorylation on Ser^392^ and inhibited p53-dependent apoptosis [@B012]. Others reported that high level of phospho-Ser^392^-p53 has been linked with high level of lymphatic invasion and poorer prognosis [@B013],[@B014]. Additionally, phosphorylation on Ser^392^ has other negative roles on p53, such as promotion of p53 export from the nucleus [@B015], MDM2-mediated degradation [@B016], and reduced p53 transforming activity [@B016]. Casein kinase 2 (CK2) and cyclin dependent kinase 9 (CDK9) phosphorylate Ser^392^ of p53 in response to UV radiation [@B017]. In the last decade, several inhibitors of CK2 have been discovered as potential anticancer drugs [@B018].

Nutlin-3, an MDM2 antagonist, was used to activate p53 [@B019]. Although a number of studies have attempted to elucidate the mechanism of Nutlin-3 function, in hepatoma cells the effects of Nutlin-3 on phospho-Ser^392^-p53 protein still remain to be elucidated. In the present study, we investigated the relationship between Nutlin-3 and phospho-Ser^392^-p53 protein expression levels in two HCC cell lines with different *TP53* type. The current study revealed that Nutlin-3 induced apoptosis through down-regulated phospho-Ser^392^-p53 protein in HCC cells. We identified phosphorylation on p53-Ser^392^ as a mechanism to regulate HCC cell survival. Our results indicate that inhibition of phosphorylation on Ser^392^ of p53 could be a promising chemotherapeutic approach to the HCC treatment.

RESULTS
=======

Nutlin-3 inhibits cell proliferation in SMMC-7721 and HuH-7 cells
-----------------------------------------------------------------

To test the effect of Nutlin-3 on cell growth, SMMC-7721 (wild-type *TP53*) and Huh7 (mutant *TP53*) were exposed to Nutlin-3 (1.25, 2.5, 5, 10, and 20 μM respectively) for 24 h, 48 h, and 72 h and performed CCK8 analysis. Meanwhile, we selected SMMC-7721 cells for the p53-inhibited model, which were pretreated with PFT-α, a p53 inhibitor [@B020], for 12 h to inhibit p53 activity, and then exposed to Nutlin-3 together with PFT-α for 12 h, 36 h, and 60 h at the same conditions. We observed that the number of Nutlin-3-treated cells decreased with increased concentration at 48 h treatment ([Fig. 1](#F0001){ref-type="fig"}A). Meanwhile, SMMC-7721 cells were more sensitive to Nutlin-3 than HuH-7 cells ([Fig. 1](#F0001){ref-type="fig"}B). These results showed that Nutlin-3 can inhibit two HCC cell growths.

Nutlin-3 induces apoptosis in SMMC-7721 and HuH-7 cells
-------------------------------------------------------

To investigate whether Nutlin-3 induces apoptosis in the HCC cells, Hoechst 33258 staining showed that Nutlin-3-treated SMMC-7721 (with or without PFT-α) and HuH-7 cells had marked morphological changes including chromatin condensation or fragmentation, and apoptotic bodies, while most control cells had regular nuclei ([Fig. 2](#F0002){ref-type="fig"}). Interestingly, SMMC-7721 cells with inhibited p53 activation and p53-mutant HuH-7 cells were observed the apoptotic morphology treated by Nutlin-3. These results demonstrated that Nutlin-3 induced morphological characteristic of cell apoptosis.

![Nutlin-3 inhibits cell proliferation in SMMC-7721 and HuH-7 cells. (A) The decreased number cells were detected at 48 h treatment with different concentration of Nutlin- 3 as indicated (100×). (B) Inhibitory effect of Nutlin-3 on the cell proliferation. Two HCC cell lines were treated with Nutlin-3 as indicated. Data are shown by means ± S.D. (n = 3).](BMB-47-221-g0001){#F0001}

Additional evidence for the occurrence of apoptosis was quantified by Flow Cytometry under Annexin V-FITC/PI double staining. FACS analysis showed that compared with the control (4.13% ± 0.40%), the apoptotic percentage of Nutlin group (10.37% ± 1.51%) and PFT + Nutlin group (10.73% ± 0.49%) significantly up-regulated in SMMC-7721 cells (P ＜ 0.05; [Fig. 3](#F0003){ref-type="fig"}A and B). No significant differences were observed between the two groups (P ＞ 0.05; [Fig. 3](#F0003){ref-type="fig"}B). Interestingly, the apoptotic percentage of Nutlin-3-treated HuH-7 cells significantly increased at 11.10% ± 2.55%, while the control was 1.03% ± 0.15% (P ＜ 0.05; [Fig. 3](#F0003){ref-type="fig"}A and B). These data demonstrated that Nutlin-3 induces p53-independent apoptosis in SMMC- 7721 and HuH-7 cells.

Mechanistically, in Nutlin-3-treated SMMC-7721 (with or without PFT-α) and HuH-7 cells, the reduced expression of anti-apoptotic Bcl-2 protein and increased pro-apoptotic Bax protein were further showed the effect of Nutlin-3 on cell apoptosis compared to control cells by Western blot analysis ([Fig. 3](#F0003){ref-type="fig"}C). Furthermore, the increased caspase-3 expression level confirms execution of apoptosis in Nutlin-3 treated HCC cells ([Fig. 3](#F0003){ref-type="fig"}C). Together, these findings provided strong evidence that Nutlin-3 has an apoptotic effect on HCC cells. Additionally, the SMMC-7721 cells only incubated with PFT-α had reduced Bax, increased Bcl-2, and reduced apoptotic percentage (3.87% ± 0.21%) compared to the control ([Fig. 3](#F0003){ref-type="fig"}B and C). Thus, PFT-α had inhibited SMMC-7721 cell death.

![Nutlin-3 induced apoptotic nuclear changes. Nuclear staining of cells with Hoechst 33258 treated as indicated in method. The apoptotic nuclear changes with smaller and brilliant staining (white arrows) were examined by fluorescence microscopy (200×).](BMB-47-221-g0002){#F0002}

Nutlin-3 down-regulates the protein expression level of phospho-Ser^392^-p53
----------------------------------------------------------------------------

It has been reported that the status of p53 phosphorylation on Ser^392^ correlates with cell apoptosis [@B015]. Therefore, we investigated whether Nutlin-3 regulates phos-p53-Ser^392^ in HCC cells. Western blot analysis showed that PFT-α inhibited p53 expression in SMMC-7721 cells ([Fig. 4](#F0004){ref-type="fig"}A). The result suggested that PFT-α acted as a wild-type p53 inhibitor in SMMC-7721 cells. Moreover, Nutlin-3 up-regulated p53 level in SMCC-7721 cells ([Fig. 4](#F0004){ref-type="fig"}A). Similarly, we inhibited p53 activity by PFT-α, and then incubated them together with Nutlin-3 for 36 h. The p53 level in the PFT + Nutlin group increased compared with the control ([Fig. 4](#F0004){ref-type="fig"}A). These observations confirmed the results obtained in [Fig. 3](#F0003){ref-type="fig"}C and indicated that Nutlin-3 up-regulated p53 levels whether p53 activity was inhibited or not in SMCC-7721 cells. However, the protein expression level of p53 in Nutlin-3-treated HuH-7 cells down-regulated ([Fig. 4](#F0004){ref-type="fig"}A).

![Nutlin-3 induced apoptosis in two HCC cell lines. (A) Representative Flow Cytometric graphs of Annexin V-FITC/PI double staining treated with or without nutlin-3 (10 μM) as indicated in method. (B) The apoptotic percentage was quantified via Flow Cytometry under Annexin V-FITC/PI staining. Data are shown by means ± S.D. (n = 3), \*P ＜ 0.05 vs. NC group. (C) Western blots were performed for protein expression of Bax, Bcl-2, and caspase-3. β-actin was used as the loading control.](BMB-47-221-g0003){#F0003}

![Nutlin-3 down-regulates the protein expression levels of phospho-Ser^392^-p53. (A) The protein expression of phospho-Ser^392^-p53 and p53. The cells were treated as indicated. β-actin served as the loading control. (B) The subcellular localization of p53 was detected under immunofluorescence microscope (1,000×). The cells were treated as indicated and stained for p53 (red). Nuclei were counterstained with DAPI (blue). Images were merged using Image-Pro plus 6.0. (C) The subcellular localization of p53 was detected by western blot analysis. Anti-H2b and β-actin antibodies were used as a loading control of nuclear and cytoplasmic proteins, respectively. (cyto) cytoplasmic proteins; (nuc) nuclear proteins. (D) Representative sequencing data identified p53- Ser^392^ mutant from PCR products of SMMC- 7721 cells treated with or without Nutlin-3.](BMB-47-221-g0004){#F0004}

Next, an antibody specific for phospho-Ser^392^-p53 showed that this modification was in fact occurring. The decreased phospho-Ser^392^-p53 was observed under the up-regulated p53 level in SMMC-7721 cells treated with Nutlin-3 alone or together with PFT-α ([Fig. 4](#F0004){ref-type="fig"}A). Meanwhile, the level of phospho- Ser^392^-p53 protein was decreased in Nutlin-3-treated HuH-7 cells under down-regulated expression p53 condition ([Fig. 4](#F0004){ref-type="fig"}A). Surprisingly, we found that the increased phospho-Ser^392^-p53 protein under down-regulated p53 expression level in SMMC- 7721 cells treated with PFT-α alone ([Fig. 4](#F0004){ref-type="fig"}A). These results suggested that Nutlin-3 down-regulates the expression levels of phospho-Ser^392^-p53 regardless of p53 status.

Effects of Nutlin-3 on the subcellar localization of p53 in HuH-7 and SMMC-7721 cells
-------------------------------------------------------------------------------------

The p53 localization also has an important role in HCC apoptosis [@B021]. To test whether Nutlin-3 could affect the subcellar localization of p53, we performed the immunostaining. The assay showed that wild-type p53 concentrated mainly in the nucleus of untreated SMMC-7721 cells ([Fig. 4](#F0004){ref-type="fig"}B). Interestingly, after Nutlin-3 treatment, p53 was throughout nucleus and cytoplasm of SMMC-7721 cells ([Fig. 4](#F0004){ref-type="fig"}B). The result demonstrated that Nutlin-3 promoted wild-type p53 export from the nucleus in SMMC-7721 cells. To further confirm the result, we performed Western blot analysis after cytoplasm and nucleus extraction. We also demonstrated that p53 remains in the nucleus of SMMC-7721 cells while partly localizes to the cytoplasm treated by Nutlin-3 ([Fig. 4](#F0004){ref-type="fig"}C). These observations confirmed and correlated with the results obtained in [Fig. 4](#F0004){ref-type="fig"}B. However, mutant p53 was predominantly present in the cytoplasm of HuH-7 cells treated with or without Nutlin-3 ([Fig. 4](#F0004){ref-type="fig"}B and C). Together, these results showed that Nutlin-3 could affect the subcellar localization of wild-type p53 in SMMC-7721 cells, but not mutant p53 in HuH-7 cells.

Mutation of Ser^392^ resulted in decreased phosphorylation and relocalization of wild-type p53 [@B015],[@B022]. To test whether Nutlin-3-treated SMMC-7721 cells express a mutant form of p53-Ser^392^, we sequenced the *TP53* DNA including Ser^392^ site amplified by PCR. However, we have not detected any nucleotide mutations in the Ser^392^ site of DNA from SMMC-7721 cells treated with or without Nutlin-3 ([Fig. 4](#F0004){ref-type="fig"}D). We concluded that down-regulation of phospho-Ser^392^-p53 and re-localization of wild-type p53 might not induced by p53-Ser^392^ mutation in Nutlin-3-treated SMMC-7721 cells.

DISCUSSION
==========

In this study, we investigated the anti-tumor activity of Nutlin-3 in two different HCC cells with a particular emphasis on the mechanism of cell apoptosis. Here, we provide the evidence that Nutlin-3 induced apoptosis and down-regulated the expression level of phospho-Ser^392^-p53 protein in HCC cells.

The reactivation of p53 is an attractive therapeutic strategy in a tumor with disrupted p53 function [@B023]. In this study, we showed that Nutlin-3 particularly enriched wild-type p53 in PFT-α-treated SMMC-7721 cells with inhibited-p53 activation, consistent with the published finding that Nutlin-3 induces apoptosis with wild-type p53 accumulation [@B024]. However, p53 is frequently mutated in HCC [@B025], and mutant p53 expressed level is elevated in HCC cells and tumor tissues [@B016]. In HuH-7 cells, the study showed down-regulated level of mutant p53 protein accords with the oncogenic functions of mutant p53 including enhanced chemo-resistance [@B016] and genomic instability [@B026] in a range of cell lines [@B003],[@B027]. In this study, the down-regulation of mutant p53 protein may lead to decreased expression level of phospho-Ser^392^-p53 protein.

Mechanistically, down-regulation of wild-type p53 phosphorylation on Ser^392^ leads to decreased MDM2 and induces cell apoptosis in HCC, an observation closely resembles our results [@B028]. In the present study, Nutlin-3 strongly decreased phospho-Ser^392^-p53 level in HuH-7 cells compared to that of Nutlin-3-treated SMMC-7721 cells, but apoptotic population by Nutlin-3 in both cells does not significantly different, which consistent with our finding that SMMC-7721 cells were more sensitive to Nutlin-3 than HuH-7 cells ([Fig. 1](#F0001){ref-type="fig"}B). Consistently, dephosphorylation of p53-Ser^392^ by TGF-β1 in HuH-7 cells was associated with increased caspase 3 activation and apoptosis [@B029]. Moreover, tumors with mutant p53 usually have high levels of phospho-Ser^392^-p53 and correlated with malignancy, radio-resistance, and chemo-resistance [@B010],[@B030]. Therefore, we identified p53-Ser^392^ phosphorylation as a mechanism to regulate cell survival in HCC with wild-type or mutant *TP53*.

Lower level of MDM2 causes mono-ubiquitination and nuclear export of p53 [@B006]. Meanwhile, we also found that Nutlin-3 promoted wild-type p53 export from the nucleus of SMMC-7721 cells, consistent with the published finding that Nutlin-3 acts as an MDM2 antagonist and induces p53 activation but no stabilization [@B031]. In addition, the p53-Ser^392^ mutation can lead to a decreased level of phosphorylation [@B022], which an alanine mutant of p53 (p53-392A) is localized mainly in the nucleus, whereas a glutamic acid mutant, p53-392E, are distributed in the cytoplasm and nucleus [@B015]. However, we did not find the relationship between the Ser^392^ mutation and phosphorylation/ localization of p53. Therefore, more studies are needed to decipher the mechanisms of p53 re-localization in Nutlin-3-treated SMMC-7721 cells.

In this study, we identified that Nutlin-3 can decrease p53-Ser^392^ phosphorylation lead to cell apoptosis in SMMC-7721 and HuH-7 cells. Based on the results of this study, we propose that inhibition of p53-Ser^392^ phosphorylation may be beneficial in treating liver tumors expressing wild-type or mutant p53, although the precise mechanism requires further studies.

MATERIALS AND METHODS
=====================

Cell lines and Nutlin-3 treatment
---------------------------------

HuH-7 (mutant TP53) and SMMC-7721 (wild-type TP53) cell lines were generous gifts from Prof. Liu Cong of the West China Second University Hospital/West China Women's and Children's Hospital. The cultivation medium contains DMEM (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA), and 100 U/ml penicillin and 100 μg/ml streptomycin. These cells were cultured at 37℃ under a 5% CO~2~ atmosphere.

Nutlin-3 (Sigma, USA) and Pifithrin-α (PFT-α, Sigma, USA) were dissolved in DMSO (Sigma, USA) and stored as 10 mM and 20 mM stock solutions at －20℃, respectively. The cultivation medium containing 0.1% DMSO was used as the control culture.

The Nutlin group of HuH-7 and SMMC-7721 cell lines were cultured with 10 μM Nutlin-3 for 48 h [@B032]. The PFT group of SMMC-7721 cells was treated with PFT-α (20 μM) for 48 h. The PFT + Nutlin group of SMMC-7721 cells were pretreated with PFT-α (20 μM) for 12 h and then exposed to Nutlin-3 (10 μM) for 36 h together with PFT-α [@B033].

Cell viability assay
--------------------

Two cell lines were seeded in 96-well plates (1 × 10^4^ cells/ well) and treated with Nutlin-3 at different concentration (1.25, 2.5, 5, 10, and 20 μM) for different time (24, 48, and 72 h). Then, the cells were treated using a Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technology, Japan) according to manufacturer\'s protocol. Finally, optical density (OD) was monitored at 450 nm with 650 nm as a reference wavelength by Multiskan Spectrum Microplate Reader (Thermo, USA). The cell viability values were calculated as previously described [@B034].

Hoechst 33258 staining
----------------------

Two HCC cell lines were cultured in 24-well plates (2 × 10^5^ cells/well) for 48 h on glass cover slips with or without Nutlin-3 treatment. Then the cells were fixed and measured using the Hoechst 33258 Staining Kit (Boster, China) under the manufacturer's guidance. After the cells were washed with PBS, morphological changes, including nuclear chromatin condensation and apoptotic bodies, were observed and photographed at 200× magnification under a fluorescence microscope (Olympus BX51).

Annexin-V/PI double staining assay
----------------------------------

Briefly, two HCC cell lines were cultured in 6-well plates (3 × 10^5^ cells/well) for 48 h with or without Nutlin-3 treatment. Then, the cells were trypsinized, collected and stained with an Annexin V-FITC Apoptosis Kit (Becton Dickinson Biosciences, USA) according to the manufacturer's protocol. Finally, apoptotic cells were determined on a FACS Calibur Flow Cytometer (BD, USA).

Western blot analysis
---------------------

Cytoplasm and nucleus extracts were prepared using a Nuclear and Cytoplasmic Protein Extraction Kit (PP2201, Bioteke, China) according to manufacturer\'s protocol. Whole-cell extract of HCC cells were prepared and subjected to immunoblot analysis. The primary antibodies were rabbit anti-Bcl-2 polyclonal antibody (\#2876, CST, diluted 1：1,000), rabbit anti-Bax polyclonal antibody (\#2772, CST, diluted 1：1,000), rabbit anti-p53 polyclonal antibody (BA0521, Boster, diluted 1：500), rabbit anti-p53 phospho (pS392) monoclonal antibody (\#1644-1, Epitomics, diluted 1：1,000), rabbit anti-Caspase-3 monoclonal antibody (BA2142, Boster, diluted 1：500), rabbit anti-H2b polyclonal antibody (BS1657, Bioworld, diluted 1：500), and β-actin antibody (BA2305, Boster, diluted 1：500). The secondary antibodies, goat anti-mouse IgG-HRP (sc-2005, diluted 1：5,000) and goat anti-rabbit IgG-HRP (sc-2004, diluted 1：5,000), were purchased from Santa Cruz Biotechnology. β-actin served as the loading controls.

Immunofluorescence
------------------

HCC cells were cultured for 48 h on glass coverslips in 24-well plates (2 × 10^5^ cells /well) with or without Nutlin-3 treatment, fixed, permeabilized, and then blocked. The samples were incubated with rabbit anti-p53 polyclonal antibody (BA0521, Boster, diluted 1：500), and then with sheep anti-rabbit Cy3-conjugated secondary antibody (C2306, Sigma, diluted 1：100). Cells were counterstained with 4\', 6-diamidino-2-phenylindole dihydrochloride (DAPI) (10 μg/ml) (Sigma, USA). Images were captured under immunofluorescence microscope (Olympus BX51).

RT-PCR and sequencing of the TP53 gene at 392 site coding sequence
------------------------------------------------------------------

Total RNA was isolated with TRIzol (Invitrogen, China) and reverse transcribed using a Prime Script^TM^ Kit (TaKaRa, China). Specific human wild-type *TP53* primers were used as follows (forward and reverse): 5\'-AGT CTA CCT CCC GCC ATA AAA-3\' and 5\'-AAG TCC TGG GTG CTT CTG AC-3\'. The RT-PCR was performed as follows: 95℃ for 3 min, followed by 40 cycles of 95℃ for 10 s and 56℃ for 30 s. Subsequently, the products were sequenced with reverse *TP53* primer by Sangon Biotech (Shanghai) Co., Ltd.

Statistical analysis
--------------------

All statistical tests were performed using SPSS 18.0 (SPSS, Chicago, IL). The data are presented as mean ± SD. The means were analyzed using one-way ANOVA to compare the groups, followed by a post hoc Tukey's test. Differences with P ＜ 0.05 were considered statistically significant.
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